ABSTRACT
INTRODUCTION
Utility workers carry out live work on overhead and underground distribution networks on a regular basis. These networks carry high currents (a few hundred amperes) and consequently can generate relatively high magnetic fields. For overhead lines, workers use insulated sticks or rubber gloves. When using rubber gloves, workers are close to the conductors (less than a meter) and could be exposed to relatively high magnetic fields. Similarly, in underground cable vault, workers are near to energised cables. In 1998, the International Commission on Non-Ionizing Radiation Protection (ICNIRP) recommended a magnetic field exposure limit of 420 µT for workers and of 83 µT for the public at 60 Hz [1] . In 2002, IEEE has published the standard C95.6 that establishes exposure limits of 2710 µT for workers and of 904 µT for the public. It is important to note that these limits apply to the head and the torso. In order to assess the magnetic field exposure of utility workers we have made numerous calculations of the magnetic field generated by overhead and underground distribution networks.
CALCULATION METHODS AND SOFTWARE USED
For an overhead line comprising only one or two circuits and no equipment, the exposure assessment of workers can be done by calculating the magnetic field in two dimensions (2D), in a plane perpendicular to the line assuming that conductors are parallel. However, many structures (rising pole, line with branches, etc.) have complex geometries for which the intensity of the magnetic field in the volume around these structures cannot be assessed easily. For this type of structures, it is necessary to define a 3D model of the geometry and to calculate the magnetic field in the volume surrounding it. For these 3D calculations, the software Faraday developed by Integrated Engineering Software have been used [2] . The software Faraday is based on the Boundary Elements Method that is well adapted to the geometry of a distribution line with open boundaries. To represent the results the volume surrounding the structure has usually been divided in a 3D matrix comprising more than one million elements (101x101x101). For some calculations, a larger matrix of 8 million elements (201x201x201) has been used. Such a huge amount of data is quite difficult to analyse and display. For these tasks, the software Tecplot 360 from Tecplot Inc. have been used [3] Some 2D calculations have also been performed with a program called CEMEC developed at the Institut de recherche d'Hydro-Québec (IREQ) [4] . This program is able to calculate analytically the magnetic field for simple geometries where all conductors are parallel (e.g. transmission lines). The results from CEMEC are in very good agreement with the ones obtained using Faraday.
COMPLEX OVERHEAD STRUCTURES

Parameters for the calculation of magnetic fields
Seven complex overhead structures have been investigated. Three of them are presented in this paper. Calculations have been made with the following parameters: 1) each main circuit carries a current of 200 A, 400 A or 600 A, 2) branch circuits carry 20% of the main currents and 3) all currents are balanced (no net current). The effect of the phases configuration has also been investigated and in total 32 cases have been calculated in 3D.
Effect of currents intensity and phases configuration on a double circuit line
The effect of currents intensity and phases configuration can be illustrated with a relatively simple geometry comprising two three-phase circuits ( Figure 1 ). The distance between the conductors on the upper crossarm is 740 mm and the vertical spacing between crossarms is 915 mm. With a current of 200 A in each conductor, the volumes were the fields exceed 420 µT have the shape of cylinders centered on each conductor with a radius of approximately 100 mm (red area) and there is limited interactions between the fields generated by the conductors (Figure 2 ). It should Prague, 8-11 June 2009
Paper 1008 be noted that the external perimeter of the blue area corresponds to a field intensity of 83 µT. At 400 A, the 420 µT isosurface surrounds the three conductors of each circuit. There is a significant overlap of the field generated by the conductors of a circuit and non-linear effects appear. At 600 A, the overlapping is very important and is the result of the vectorial summation of the magnetic field generated by the conductors. Although the phases configuration of a double circuit line has a major effect on the magnetic field at the ground level [4] , it has limited effect on the field close to the conductors. The left column of Figure 2 corresponds to the phase configuration ABAB for the upper crossarm and CC for the lower crossarm (Figure 1 ). This configuration generates at the ground level a magnetic field more that two times higher than the phase configuration BAAB-CC (right column of Figure 2 ). However, close to the line the field is similar or slightly lower.
Crossing of two double circuit lines
The magnetic field generated by complex structures like the one shown on Figure 3 can be assessed only by a calculation in three dimensions (3D). Figure 3 Figure 4 shows the volumes were the magnetic field exceed 420 µT. As we have seen in the previous section, for currents of 80 A and 240 A, the volumes where the fields exceed 420 µT have the shape of cylinders centered on each conductor. The radius of these cylinders can be easily estimated by the following formula:
Where R is the radius (m), I the current (A) and B the magnetic field (µT). 
Rising pole
A rising pole is a complex 3D structure where underground three-phase cables run along a pole to feed an overhead line ( Figure 5 ). Each cable is protected by a lightning arrester and connected to a fuse. Figure 6 shows the magnetic field generated by this structure with currents of 400 A in the cables and 200 A in each horizontal branch of the overhead line. The external blue surface corresponds to a field intensity of 83 µT. Around the horizontal conductors, the volumes where the field exceeds 420 µT have the shape of small cylinders centered on each conductor (Figure 7) . However, around the vertical section of the structure, there is a large volume where the field exceeds 420 µT. This triangular-shaped volume starts at the point where the cables come apart and expands up to the fuses approximately 2.5 m higher. 
UNDERGROUND CABLE VAULT
An underground cable vault comprises several cables supported by brackets fixed along the walls of the vault. For a three-phase circuit the cables are twisted together and very close to each other. Consequently, the magnetic field generated is relatively low because the field generated by each cable is partly cancelled by the field from the other nearby cables. The magnetic field is maximum in front of the joints where the spacing between cables increases significantly to about 10 cm to 15 cm, the field being proportional to the distance between cables (Figure 8 ) [4] . Therefore, it is generally possible to neglect the field from twisted cables and to calculate in 2D the field in a plane perpendicular to the joints. Figure 9 shows the magnetic field generated by four circuits carrying identical currents of 400 A on the left side of the cable vault and four circuits carrying 200 A on the right side. The field is relatively low in the center of the vault and Prague, 8-11 June 2009
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there are only small volumes where the field exceeds 420 µT. These findings have been confirmed by measurements in many cable vaults [5] . 
DISCUSSION
At the output of Hydro-Québec substations, the currents in distribution lines rarely exceed 400 A and the annual mean value is only 135 A. However, for short periods, the currents in some lines can reach 600 A for example after an outage in winter. On the other hand, the currents decrease progressively along a line according to the loads connected to it. Two methods are used for live working on overhead lines. The first one relies on the use of long insulated sticks. When using these sticks, the lineman is always outside the volume where the field exceeds 420 µT. For example, the fuses in a rising pole are always operated at a distance with an insulated stick. The second method involves the use of rubber gloves. With this method, the hands of the lineman are often very close to a conductor and exposed to a high field. However, the head and the torso would be normally outside the volume where the field exceeds 420 µT since the live working procedures require that the lineman keeps a minimum distance of 30 cm between himself and an energized conductor. It should be remembered that the ICNIRP limits apply only to the head and the torso.
In an underground vault, a frequent maintenance job is the replacement of damaged joints and/or cables. This work is always done on de-energized cables but adjacent cables generally remain energized. Figure 9 shows that the volume where the field exceeds 420 µT is relatively small even at 400 A. Once more, the hands of a worker could be exposed to a high field but there is a small probability that the head or the torso might be exposed to a field higher than 420 µT. Furthermore, the exposure limit of 420 µT is based on the assumption that the whole body is exposed to a uniform magnetic field. If the body is exposed to a non-uniform field, which is the case close to a distribution line, the exposure limit can be exceeded if it can be demonstrated that the basis restriction of 10 mA/m 2 (induced current) is respected [1] , [6] .
CONCLUSIONS
The magnetic field surrounding complex overhead structures must be calculated in 3D in order to assess correctly the exposure of utility workers. Although the phases configuration of a double circuit overhead line has a major effect on the magnetic field at the ground level, it has limited effect on the field intensity close to the conductors. For currents up to 400 A in the conductors of overhead structures, the volumes where the magnetic field exceeds 420 µT are small and do not extend very far from the conductors. This is also the case for the magnetic field generated by the cables inside an underground cable vault. The only exception to this finding is the rising pole structure.
